Abstract Lysophosphatidylcholine (LPC) is considered a major proatherogenic component of oxidized low density lipoprotein based on its proinflammatory actions in vitro. LPC stimulates macrophage and T-cell chemotaxis via the G protein-coupled receptor G2A and may thus promote inflammatory cell infiltration during atherosclerotic lesion development. However, G2A also mediates proapoptotic effects of LPC and may therefore promote the death of inflammatory cells within developing lesions. To determine how these effects of LPC modify atherogenesis, we examined atherosclerotic lesion development in G2A-sufficient and G2A-deficient low density lipoprotein receptor knockout mice. Although LPC species capable of activating G2A-dependent responses were increased during lesion development, G2A-deficient mice developed lesions similar in size to those in their G2A-sufficient counterparts. Loss of G2A during atherosclerotic lesion development did not reduce macrophage and T-cell infiltration but instead resulted in increased lesional macrophage content associated with reduced numbers of terminal deoxynucleotidyl transferase-mediated dUTP nick end labeled cells and decreased collagen deposition. These data indicate that the ability of LPC to stimulate macrophage and T-cell chemotaxis via G2A is not manifested in vivo and that G2A-mediated proapoptotic rather than chemotactic action is most penetrant during atherogenesis and may modify the stability of atherosclerotic lesions by promoting macrophage death. 
flammatory actions of OxLDL are mediated to a large extent by its phospholipid components. For example, hydrolysis of oxidized phosphatidylcholine decomposition products by lipoprotein-associated platelet-activating factor-acetylhydrolase (PAF-A7H) generates the bioactive lysophospholipid lysophosphatidylcholine (LPC) during LDL oxidation (2) . Proinflammatory actions of LPC on cultured macrophages and endothelial cells have led to the widely held view that it is a key proatherogenic component of OxLDL. Most notably, LPC is believed to contribute directly to the recruitment of inflammatory cells during atherosclerotic lesion development. For example, LPC induces intercellular adhesion molecule-1 and monocyte chemotactic protein-1 expression in endothelial cells (3, 4) and stimulates macrophage and T-cell chemotaxis in vitro (5) . Although these and many other in vitro studies have provided insights into potential proatherogenic effects of LPC, most have remained poorly characterized mechanistically, as it has been difficult to distinguish nonspecific effects of LPC from those mediated by specific proximal effectors. Furthermore, the multiplicity of cellular and biochemical factors associated with atherosclerotic lesion development raises questions regarding the relevance of these potential atherogenic mechanisms in vivo. However, the recent identification of the G protein-coupled receptor (GPCR) G2A as an effector of LPC action (6) (7) (8) (9) (10) (11) has provided a mechanistic framework with which to establish how LPC modifies atherosclerosis independently of its nonspecific actions.
In vitro studies show that G2A induces diverse biologi-cal effects in response to, as well as independently of, exogenously added LPC. These effects include actin cytoskeleton reorganization and focal adhesion assembly (12, 13) , LPC stimulation of macrophage and T-cell chemotaxis (7) (8) (9) 11) , LPC-dependent extracellular signal regulated kinase mitogen-activated protein kinase activation (11, 14) , and LPC-mediated apoptosis (6) . Although G2A was originally described as a binding receptor for LPC (14) , we have been unable to reproduce the G2A/LPC binding originally reported in crude cell homogenates prepared from receptor-overexpressing cell lines as a result of the high nonspecific membrane binding of this lysophospholipid (14, 15; our unpublished data). Although we cannot rule out a direct interaction between G2A and LPC, a recent study has provided strong evidence for LPC-dependent mobilization of intracellular G2A pools to the plasma membrane as the molecular mechanism by which LPC activates cellular responses via G2A (11) . Furthermore, the human G2A receptor and three GPCRs related by sequence homology [G protein-coupled receptor 4 (GPR4), ovarian cancer G protein-coupled receptor 1 (OGR1), and T-cell deathassociated gene 8 (TDAG8)] have recently been described as "proton-sensing" receptors (16) (17) (18) . However, a subsequent comparative study of each receptor confirmed GPR4, OGR1, and TDAG8 as bona fide proton-sensing GPCRs yet failed to detect pH-dependent activation of murine G2A and reported very weak responses of human G2A to extracellular acidification compared with those of GPR4, OGR1, and TDAG8 (19) . Thus, there is no evidence to support a proton-sensing function for murine G2A in addition to its role as an effector of LPC action, and the physiological significance of the weak pH sensitivity of the human receptor is questionable and requires further study. Although G2A-mediated effects of LPC have the potential to modify inflammatory events during atherosclerotic lesion development, their significance in vivo has not been tested. By breeding G2A-deficient mice onto the LDL receptor knockout (LDLR Ϫ / Ϫ ) background, we directly assessed the role of G2A in atherosclerosis development. G2A deficiency resulted in increased lesional macrophage numbers associated with decreased apoptosis and reduced collagen content. Thus, G2A deficiency promotes macrophage accumulation, likely by suppressing the deathinducing effects of LPC, which in turn may promote lesion destabilization caused by increased levels of macrophage-derived collagen-degrading enzymes.
MATERIALS AND METHODS

Primary cell isolation and culture
Adherent murine peritoneal macrophages were isolated by culturing peritoneal exudates in DMEM containing 10% fetal calf serum (FCS) for 6 h. Thioglycolate-elicited peritoneal macrophages were obtained from peritoneal exudates of mice injected intraperitoneally 3 days earlier with 3 ml of 4% thioglycolate. All bone marrow-derived cells were cultured from total mononuclear bone marrow cells flushed from the femurs and tibias of mice. Bone marrow cells were cultured at 10 6 /ml in DMEM, 10% FCS, 20% L cell-conditioned medium as a source of macrophage-colony stimulating factor, 50 M 2-mercaptoethanol, 2 mM l -glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin for 5 days to obtain CD11b-positive macrophages. Bone marrow cells were cultured at 10 6 /ml in DMEM, 10% FCS, 50 ng/ml recombinant granulocyte/macrophage-colony stimulating factor, 250 U/ml recombinant interleukin-4, 50 M 2-mercaptoethanol, 2 mM l -glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin for 10 days with three medium changes to obtain CD11c-positive dendritic cells. Surface Fc R1 IgE receptor-positive mast cells were generated from bone marrow cells cultured at 10 6 /ml in RPMI, 10% FCS, 20% WEHI-3B cell conditioned medium as a source of interleukin-3, 2 mM l -glutamine, 100 U/ml penicillin, and 100 g/ ml streptomycin for 5 weeks with regular medium changes. Platelet/edothelial cell adhesion molecule-1 (PECAM-1)-positive murine endothelial cells were obtained by incubating dissected aorta on Matrigel (BD Biosciences) with DMEM, 10% FCS, 90 g/ml heparin, 60 g/ml endothelial cell growth supplement (Collaborative Biomedical Products), 1% Fungizone, 100 U/ml penicillin, and 100 g/ml streptomycin for 3 days with daily addition of fresh medium. Fifty percent confluent cultures were passaged by dispase treatment onto 100 mm tissue culture plates and incubated until confluent. ␣ -Actin-positive murine aortic smooth muscle cells were cultured from aorta digested with 15 mM HEPES containing 2% BSA, 0.125 g/ml elastase, 0.25 g/ml soybean trypsin inhibitor, and 10 g/ml collagenase D. Aortic digests were forced through a 70 m filter and cultured in DMEM, 10% FCS, 100 U/ml penicillin, and 100 g/ml streptomycin until ‫ف‬ 80% confluent. B220 ϩ B-cells and CD4 ϩ and CD8 ϩ T-cells were purified from spleens and lymph nodes of mice by immunomagnetic depletion of B-cells (MACS CD45R MicroBeads; Miltenyi Biotec GmbH) followed by incubation with either phycoerythrinconjugated anti-CD4 or anti-CD8 antibodies (BD Pharmingen) and flow cytometric sorting on a FACS ARIA flow cytometer (Becton Dickinson).
RT-PCR analysis
RNA was isolated using the Absolutely RNA RT-PCR Miniprep kit (Stratagene). One microgram of RNA was reverse-transcribed using an oligo-dT primer with the SuperScript First Strand Synthesis System (Invitrogen). Ten percent of the cDNA was subjected to PCR amplification (25 cycles of 94 Њ C for 30 s, 58 Њ C for 30 s, and 72 Њ C for 1 min) for analysis of G2A, GPR4, or actin expression with the following primers: G2A, 5 Ј -CTGCCTCAGGAC-TGGCTTGG and 3 Ј -TCACACACGCAGAAATGGTGAC; GPR4, 5 Ј -CTCTCTACATCTTCGTCATCGG and 3 Ј -CGGTAGCACAGC-AACATGAGTG; actin, 5 Ј -CACAGGCATTGTGATGGACT and 3 Ј -CTTCTGCATCCTGTCAGCCAA.
Mice
G2A Ϫ / Ϫ mice backcrossed a total of nine generations (N9) onto the C57BL/6J background were bred with C57BL/6J LDLR Ϫ / Ϫ mice (Jackson Laboratory, Bar Harbor, ME), and the resulting compound heterozygotes (N10 G2A ϩ / Ϫ LDLR ϩ / Ϫ ) were intercrossed to obtain G2A ϩ / ϩ LDLR Ϫ / Ϫ and G2A Ϫ / Ϫ LDLR Ϫ / Ϫ progeny. Mice were weaned at 4 weeks of age and maintained on a standard rodent chow diet containing 4% fat (5015; Harlan Teklad, Madison, WI). At 8 weeks of age, mice were fasted for 12 h, weighed, bled by retro-orbital puncture, and transferred onto a "Western" diet (42% fat, 0.15% cholesterol, 19.5% casein without sodium cholate) (88137; Harlan Teklad) for 6 or 12 weeks. Mice were subsequently fasted for 12 h, weighed, and bled by retro-orbital puncture for lipid profile analysis.
Measurement of lipoprotein profiles and LPC levels
Plasma samples were processed for measurement of total cholesterol, unesterified cholesterol, HDL cholesterol, triglycerides, at PENN STATE UNIVERSITY, on February 23, 2013 www.jlr.org Downloaded from and free fatty acids by enzymatic procedures described previously (20) . Each sample was measured in triplicate, and Centers for Disease Control plasma samples with known lipid values were included as controls. LPC species were measured in snap-frozen aortas and plasma from five female LDLR Ϫ / Ϫ mice maintained on a regular chow diet or high-fat Western diet for 12 weeks by electrospray ionization-tandem mass spectrometry (ESI-MS/MS) as described previously (21, 22) . Briefly, lipids were extracted from plasma or aortic tissue as described by Sutphen et al. (22) and resuspended in methanol-chloroform (2:1, v/v). Samples were spotted onto silica gel TLC plates and run in a solvent system composed of chloroform-methanol-ammonium hydroxide 
Atherosclerotic lesion quantification
After euthanization, the heart was perfused with 20 ml of PBS and removed by cutting at the proximal aorta. The upper portion of the heart was placed into a tissue mold, covered with OCT (Tissue-Tek), and frozen. Ventricular tissue was sectioned in a Leica 1850 cryostat, and serial 8 m sections were collected onto microscope slides at the first appearance of the aortic valve leaflets. One hundred alternate sections were collected for lesion quantification, and intervening sections were collected and stored at Ϫ 20 Њ C for immunohistochemistry. Sections for lesion quantification were stained with Oil Red O and counterstained with hematoxylin and fast green. Lesion areas were measured morphometrically by two blinded independent observers with a Zeiss Axiostar Plus microscope using a 1 mm square eyepiece grid (100 ϫ 10,000 m 2 ) at 100 ϫ magnification.
Immunohistochemical analysis
One hundred alternate frozen sections were collected from each animal onto 25 slides (four sections per slide). For six randomly chosen mice from each of the four experimental groups
G2A ϩ / ϩ LDLR Ϫ / Ϫ , and G2A Ϫ / Ϫ LDLR Ϫ / Ϫ ), each of the four sections on six consecutive slides representing similar parts of the aortic root were stained with one of the following antibodies: 1 ) rat anti-CD11b (BD Pharmingen); 2 ) rat anti-CD3 (BD Pharmingen); 3 ) rat anti-PECAM-1 (CD31) (BD Pharmingen); or 4 ) rabbit anti-smooth muscle ␣ -actin (Spring Biosciences, Fremont, CA). Sections were fixed in acetone at room temperature, treated with 0.3% hydrogen peroxide in PBS, and blocked in PBS containing 4% BSA and 10% serum of the species from which the secondary antibody was derived before incubation with primary antibodies. After incubation with appropriate biotinylated secondary antibodies (Vector Laboratories, Burlingame, CA) followed by HRPconjugated streptavidin (Southern Biotechnology Associates), sections were developed with diaminobenzidine (Vector Laboratories) and counterstained with hematoxylin. The specificity of staining was confirmed using rat IgG 2b isotype control for CD11b and CD3, IgG 2a isotype control for PECAM-1, and rabbit IgG for smooth muscle ␣ -actin. For T-cell quantification, CD3-positive cells were counted in lesions from each of the six randomly chosen
For macrophage quantification, the percentage of total lesion area in each section occupied by CD11b-positive cells was measured morphometrically. For visualization of lesional collagen deposition, eight alternate 8 m frozen sections from five randomly chosen animals of each experimental group were fixed in Bouin's fixative and stained with Masson's Trichrome (NewcomerSupply, Middleton, WI). The percentage of lesion area occupied by collagen was measured morphometrically.
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
For five randomly chosen female G2A ϩ / ϩ LDLR Ϫ / Ϫ and G2A Ϫ / Ϫ LDLR Ϫ / Ϫ mice, eight alternate 8 m frozen sections from similar parts of the aortic root were fixed in 1% paraformaldehyde, permeabilized in cold ethanol-acetic acid (2:1, v/v) at Ϫ 20 Њ C, and subjected to terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining with or without terminal deoxynucleotidyl transferase using the ApopTag fluorescein in situ apoptosis detection kit (S7110; Chemicon International, Temecula, CA) according to the manufacturer's protocol. TUNEL-positive cells within lesions were quantified in color images captured on an Olympus BX60 fluorescence microscope. For colocalization of TUNEL staining with specific lesional cell types, aortic root sections were stained with anti-CD11b, anti-PECAM-1, or anti-CD3 antibodies followed by AlexaFluor-555-conjugated anti-rat antibody (BD Pharmingen).
RESULTS
G2A is expressed in cell types with key roles in atherosclerosis
GPR4 has been described as a second effector of LPC action (23) . Therefore, we analyzed the expression of G2A and GPR4 in primary murine cell types involved in atherosclerosis ( Fig. 1) . By RT-PCR, we detected the expression of G2A in macrophages from various sources, T-and B-lymphocytes, bone marrow-derived mast cells and dendritic cells, and aortic endothelial cells. GPR4 expression was undetectable in these hematopoietic cell types and was found only in aortic endothelial cells. Finally, we detected no G2A or GPR4 expression in aortic smooth muscle cells. We also analyzed the same cell populations from G2A-deficient (G2A Ϫ/Ϫ ) mice to confirm the specificity of G2A amplification and detected no GPR4 expression in any of the G2A Ϫ/Ϫ hematopoietic cell types examined. Furthermore, there was no significant difference in GPR4 expression in G2A Ϫ/Ϫ aortic endothelial cells compared with their wildtype (G2A ϩ/ϩ ) counterparts (data not shown). Thus, there is no compensatory upregulation of GPR4 in the absence of G2A.
A recent study also reported GPR4 expression in endothelial cells and further suggested that GPR4 expression is transcriptionally induced by inflammatory stress in human vascular endothelial cells (24) . However, this study did not detect G2A expression, which contradicts our observations. Although this may reflect the use of human versus murine cells, it is also possible that differences in their preparation, or immortalization in the case of cell lines, may influence endothelial cell receptor expression, as G2A is subject to transcriptional regulation by multiple stress stimuli (25) . Furthermore, it is possible that endothelial cells from different vascular sites exhibit varying patterns of receptor expression (24) . Nevertheless, our data show that G2A but not GPR4 is expressed in inflammatory cells, whereas GPR4 is the predominant receptor in aortic endothelial cells that also express lower levels of G2A.
LPC species are increased in atherosclerotic tissue and plasma of LDLR ؊/؊ mice
Of the major LPC species identified previously in human atherosclerotic tissue (26), only 16:0 LPC, 18:0 LPC, and 18:1 LPC have been shown to elicit cellular and molecular responses via G2A (6, 7, 9, 10) . To determine whether these LPC species are significantly increased during atherogenesis in LDLR Ϫ/Ϫ mice, LPC levels were measured in plasma and the entire aorta of LDLR Ϫ/Ϫ mice before and after a 12 week period of high-fat Western diet intervention by ESI-MS/MS (21, 22) . Levels of 16:0 lyso-PAF were measured and found to be increased significantly after Western diet intervention, confirming that a known product of PAF-AH hydrolysis was generated during atherogenesis (Fig. 2) . Although levels of certain LPC species remained unchanged or were reduced by Western diet intervention in aortic tissue (18: (Fig. 2) . Thus, atherosclerosis was associated with significant increases in the aorta of those LPC species (16:0 LPC, 18:0 LPC, and 18:1 LPC) capable of stimulating G2A-dependent chemotaxis, apoptosis, and other G2A- 
does not play a role in the clearance of LPC from the circulation.
Although we have no explanation for why aortic but not plasma levels of 18:0 LPC and 22:6 LPC species were increased during atherogenesis in LDLR Ϫ/Ϫ mice, several possibilities exist, including the generation of relevant oxidized sn-1 18:0 phosphatidylcholine decomposition substrates of PAF-AH at sufficient levels in atherosclerotic tissue only, the presence of blood-borne enzymes such as lysophospholipases that convert LPC to other lysophospholipids, as well as additional sources of 18:0 LPC in the circulation. Finally, myeloperoxidase (MPO)-generated reactive chlorinating species have been shown to promote oxidative cleavage of LDL plasmalogens, liberating ␣-chloro fatty aldehydes and unsaturated LPC species including 22:6 LPC in human atherosclerotic lesions (26, 27) , suggesting that 22:6 LPC may have been generated in the aorta from plasmalogen phosphatidylcholine with a 22:6 acyl chain at the sn-2 position. However, MPO-derived products have not been detected in murine atherosclerotic tissue, consistent with the significantly lower levels of MPO in murine monocytes compared with their human counterparts (28) . Furthermore, levels of 18:2 and 20:4 LPC species, major products of plasmalogen attack by MPOderived reactive chlorinating species in human atherosclerotic tissue (26, 27) , were not increased in LDLR Ϫ/Ϫ mice (Fig. 2) . Therefore, similar studies with MPO-deficient atherogenic mice are required to determine the role of MPO-derived reactive chlorinating species plasmalogen attack in the generation of 22:6 LPC.
Loss of G2A does not affect lipid profiles during atherogenesis in LDLR ؊/؊ mice LPC influences a variety of macrophage activities in vitro (5, 29, 30) , although only chemotaxis has been directly shown to be stimulated via G2A (9) . LPC stimulates chemotaxis and potentiates the inflammatory responses of T-cells via G2A in vitro (7, 8, 11) , suggesting that this cell type may also be a major cellular effector of LPC action via G2A. To test whether these G2A-mediated effects are penetrant in vivo, we bred G2A Ϫ/Ϫ mice onto the atherosclerosis-susceptible LDLR Ϫ/Ϫ background. To avoid potentially confounding effects of genetic background, G2A ϩ/Ϫ LDLR ϩ/Ϫ mice backcrossed onto the C57BL/6J strain for a total of 10 generations were intercrossed to derive all experimental animals. Male and female G2A ϩ/ϩ LDLR Ϫ/Ϫ and G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice were maintained on a high-fat Western diet for 12 weeks to induce atherosclerotic lesions in the aortic root. No significant differences in weight gain after the Western diet intervention were observed between G2A ϩ/ϩ LDLR Ϫ/Ϫ and G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice of each gender (mean percentage weight gain after 12 weeks of Western diet intervention Ϯ SD: G2A ϩ/ϩ LDLR Ϫ/Ϫ , 28.9 Ϯ 9.4%; G2A Ϫ/Ϫ LDLR Ϫ/Ϫ , 29.8 Ϯ 6.1%; G2A ϩ/ϩ LDLR Ϫ/Ϫ , 56.6 Ϯ 8.4%; G2A Ϫ/Ϫ LDLR Ϫ/Ϫ , 58.3 Ϯ 11.7%). Analysis of blood lipid profiles showed that the loss of G2A did not result in significant differences in plasma levels of LDL cholesterol, HDL cholesterol, unesterified cholesterol, triglycerides, and free fatty acids between gender-matched G2A ϩ/ϩ LDLR Ϫ/Ϫ and G2A Ϫ/Ϫ LDLR Ϫ/Ϫ animals after the Western diet intervention (Table 1).
Loss of G2A function increases lesional macrophage content in LDLR ؊/؊ mice
To quantify atherosclerosis in G2A ϩ/ϩ LDLR Ϫ/Ϫ and G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice, we measured the area of lesions in serial frozen sections from the entire aortic root after 12 weeks of Western diet intervention. Morphometric quantification of lesion areas revealed no significant effect of G2A deficiency in male or female LDLR Ϫ/Ϫ mice (Fig.  3A) . Furthermore, we observed no significant differences in lipid deposition in Oil Red O-stained lesions of G2A ϩ/ϩ LDLR Ϫ/Ϫ and G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice irrespective of gender (Fig. 3B) . Despite the development of similarly sized lesions in G2A ϩ/ϩ LDLR Ϫ/Ϫ and G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice, it was possible that their cellular composition may have been altered in the absence of G2A. Therefore, we performed immunohistochemical analysis of lesional inflammatory cell infiltration and morphology. Lesional staining of endothelial cells (PECAM-1) and smooth muscle cells (SMC ␣-actin) revealed no significant differences in morphology or extent of lesional penetration by either cell type irrespective of gender (Fig. 4A) . However, by direct comparison of lesions from G2A ϩ/ϩ LDLR Ϫ/Ϫ and G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice of each gender for CD11b-positive macrophage infiltration, we observed significant increases in lesion area occupied by macrophage-specific staining in G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice compared with their G2A ϩ/ϩ LDLR Ϫ/Ϫ counterparts (Fig. 4A, D) . Similarly, macrophage content was increased in early lesions of G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice induced by a 6 week period of Western diet intervention (Fig. 4B ).
Atherosclerotic lesions in G2A ؉/؉ LDLR ؊/؊ and G2A ؊/؊ LDLR ؊/؊ mice contain similar numbers and distributions of T-cells LPC stimulates chemotaxis of T-cells via G2A in vitro (7, 8, 11) . Furthermore, loss of G2A function in T-cells is associated with hyperproliferative responses to T-cell receptor- dependent and T-cell receptor-independent stimuli (31), raising the possibility that lesional T-cells may be altered in G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice. Immunohistochemical analysis revealed that lesions from G2A ϩ/ϩ LDLR Ϫ/Ϫ and G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice contained significant numbers of CD3-positive T-cells. However, we observed no significant differences in lesional T-cell numbers or distribution between G2A ϩ/ϩ LDLR Ϫ/Ϫ and G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice of either gender (Fig. 4C, D) . Similarly, early lesions in G2A ϩ/ϩ LDLR Ϫ/Ϫ and G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice induced by a 6 week period of Western diet intervention contained comparable numbers of T-cells (data not shown).
Reduced numbers of lesional TUNEL-positive macrophages in G2A ؊/؊ LDLR ؊/؊ mice
The ability of G2A to mediate the chemotactic action of LPC was not manifested in vivo, as lesional T-cell content was not altered in the absence of G2A and macrophage content was increased rather than decreased in G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice compared with their G2A ϩ/ϩ LDLR Ϫ/Ϫ counterparts. Because G2A has been shown to mediate the proapoptotic action of LPC (6), we investigated whether the loss of G2A-dependent apoptosis was responsible for this effect of G2A deficiency by performing TUNEL of aortic root lesions in G2A ϩ/ϩ LDLR Ϫ/Ϫ and G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice. We observed a significant decrease in the number of lesional TUNEL-positive cells in G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice compared with their G2A ϩ/ϩ LDLR Ϫ/Ϫ counterparts (Fig. 5A, B) . As G2A is expressed in macrophages, T-cells, and endothelial cells (Fig. 1) , we performed immunofluorescent staining with cell-specific antibodies in conjunction with TUNEL to identify lesional apoptotic cells. TUNEL-positive cells were localized to areas of macrophage infiltration, and we observed no significant lesional T cell apoptosis at this stage of atherosclerotic lesion development (Fig. 5C) . Therefore, increased lesional macrophage accumulation in G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice is associated with the suppression of macrophage apoptosis during atherosclerotic lesion development.
Increased macrophage accumulation is associated with reduced lesional collagen content in G2A ؊/؊ LDLR ؊/؊ mice In addition to their central role in atherosclerotic lesion development, macrophages promote lesion destabilization by producing collagen and extracellular matrixdegrading enzymes, leading to weakening of the protective fibrous cap (32, 33) . Therefore, increased macrophage numbers would be expected to reduce lesional collagen content. To determine whether macrophage accumulation in atherosclerotic lesions of G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice was increased sufficiently to quantitatively or qualitatively alter collagen deposition, we subjected aortic root sections from G2A ϩ/ϩ LDLR Ϫ/Ϫ and G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice to Masson's trichrome staining. We consistently observed reductions in collagen content in lesions of G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice compared with their G2A ϩ/ϩ LDLR Ϫ/Ϫ counterparts ( Fig. 6; see also Fig. 4A ). As would be expected, those lesions with the greatest increases in macrophage-specific staining exhibited the greatest reductions in lesional collagen content (compare CD11b staining with the collagen staining of adjacent sections in Fig. 4A) . However, most lesions ‫)%09ف(‬ in G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice displayed moderate reductions in overall collagen content characterized by less deposition within the shoulder region (Fig. 6A) . Thus, macrophage content is increased sufficiently in the absence of G2A to reduce lesional collagen content despite having no impact on overall lesion size.
Our data show that despite the recognized G2A-mediated effects of LPC on chemotactic responses of macrophages and T-cells in vitro, they are not manifested in vivo in terms of lesional composition. Rather, the loss of G2A reduces apoptosis of macrophages and promotes their accumulation in atherosclerotic lesions of LDLR Ϫ/Ϫ mice, demonstrating that proapoptotic rather than chemotactic effects of G2A are most penetrant during atherosclerotic lesion development. Furthermore, increased lesional macrophage content in the absence of G2A is associated with reduced collagen content, suggesting that G2A may attenuate lesion destabilization.
DISCUSSION
Numerous reports describe LPC as a proinflammatory/ proatherogenic factor based on its in vitro actions. However, most animal studies undertaken have revealed positive correlations rather than definitive evidence for a proatherogenic role (34, 35) . By generating G2A-deficient LDLR Ϫ/Ϫ mice and examining how the loss of established G2A-mediated effects of LPC impact atherosclerotic lesion development and morphology, we have directly addressed one aspect of its pathophysiological role in atherosclerosis. Despite the generation of LPC species in atherosclerotic tissue capable of activating G2A-dependent responses during atherogenesis, the loss of G2A function in hypercholesterolemic LDLR Ϫ/Ϫ mice had no significant effect on atherosclerotic lesion size in the aortic root. Similar numbers of T-cells were present in lesions of G2A ϩ/ϩ LDLR Ϫ/Ϫ and G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice, and there was no evidence for a stimulatory effect of G2A on macrophage recruitment. Rather, we observed an increase in lesional macrophage numbers in G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice compared with their G2A ϩ/ϩ LDLR Ϫ/Ϫ counterparts, indicating the loss of G2A-mediated proapoptotic signaling (6) . In support of this conclusion, we observed parallel reductions in the number of TUNEL-positive macrophages in atherosclerotic lesions of G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice.
Macrophage accumulation and the subsequent production of proteolytic enzymes capable of degrading protective collagenous fibrous caps of advanced atherosclerotic lesions contributes to their destabilization and vulnerability to rupture (32, 33) . Although most in vitro studies have shown that LPC elicits biological and signaling responses consistent with a proatherogenic role, its proapoptotic action on macrophages (30) suggests that it may also attenuate lesion destabilization by reducing lesional macrophage content. In support of this scenario, increased lesional macrophage accumulation was associated with reduced collagen content in G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice. Although macrophages could reduce lesional collagen content by promoting apoptosis of smooth muscle cells, a principal source of collagen synthesis and deposition (36), we did not observe any significant impact of G2A deficiency on lesional smooth muscle cell content or distribution. Therefore, it is more likely that increased levels of macrophage-derived collagen-degrading metalloproteinase activity are primarily responsible for the reduced collagen content of lesions in G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice.
Although reduced collagen content is a characteristic of lesion instability, the promotion of macrophage survival in the absence of G2A would also be predicted to attenuate necrotic core formation, a beneficial effect reducing the thrombogenicity of the lesion. Furthermore, macrophage death is frequently observed in the shoulder regions of rupture-prone human plaques and may play an important role in murine models of plaque rupture (37, 38) . Thus, suppression of macrophage apoptosis may also promote certain characteristics of plaque stabilization. Plaque rupture occurs frequently at specific sites such as the innominate/brachiocephalic arteries of apolipoprotein E-deficient mice (39) , and this could be exploited to determine whether the degree to which macrophage death is suppressed in the absence of G2A promotes or attenuates plaque destabilization and susceptibility to rupture.
Decreased numbers of TUNEL-positive macrophages in G2A Ϫ/Ϫ LDLR Ϫ/Ϫ mice may reflect a reduction in ongoing apoptosis that has significant impact during the course of lesion progression and is consistent with the loss of a recognized G2A-mediated effect of LPC (6) . However, in the absence of definitive evidence that this effect is attributable to the loss of LPC-dependent G2A action, we cannot exclude a role for LPC-independent effects of G2A on apoptosis. In addition, other possible mechanisms by which G2A deficiency promotes lesional macrophage accumulation warrant consideration. For example, several studies support a role for G2A as a negative regulator of proliferation (25, 31, 40) , suggesting that enhanced proliferation might contribute to the increased lesional macrophage content in the absence of G2A. It is also possible that G2A may regulate monocyte migratory potential within atherosclerotic lesions, as recent studies show that OxLDL and certain bioactive phospholipids implicated in promoting atherogenesis inhibit monocyte conversion into migratory cells with dendritic cell characteristics and thereby promote monocyte retention within atherosclerotic lesions (41, 42) . These possibilities are currently being investigated in our laboratory.
The coexpression of G2A and GPR4 in aortic endothelial cells suggests possible functional redundancy with respect to LPC action during atherogenesis. However, G2A expression was not detected in endothelial cells from other sources (24) , suggesting that G2A may be selectively expressed at particular vascular sites and/or subject to transcriptional regulation. Furthermore, there is controversy regarding the authenticity of GPR4 as a bona fide effector of LPC action, as recent studies did not detect LPC stimulation of membrane GTP binding and signal transduction in GPR4-overexpressing cell lines (43) and showed that GPR4 and related receptors, OGR1 and TDAG8, are activated by low extracellular pH rather than by LPC (16, 17, 19) . Extracellular acidification was more recently reported to augment the production of inositol phosphate and the activation of the zif268 promoter in human G2A-overexpressing cell lines, and the addition of LPC antagonized rather than potentiated inositol phosphate production (18) . However, a subsequent study quantitatively comparing inositol phosphate and cAMP production by all four members of the "G2A family" in both receptoroverexpressing cell lines and primary immune cells from receptor-deficient mice demonstrated that the murine G2A receptor is insensitive to pH variations and that instead TDAG8 is a bona fide "pH-sensing" receptor in primary inflammatory cells (19) . Cell lines overexpressing human G2A, on the other hand, exhibited only very weak induction of inositol phosphate and cAMP production in response to acidic pH (19) . This may be explained by the absence of critical histidine residues in the predicted extracellular regions of G2A (19) known to be required for pH-dependent responses of OGR1 and TDAG8 and also present in GPR4 (16, 17) . Although the pH at inflammatory sites may be reduced sufficiently to mediate GPR4, OGR1, and TDAG8 activation (44) , the weak activation of human G2A compared with GPR4, OGR1, and TDAG8 by extracellular acidification nevertheless suggests a possible in vivo role for the human G2A receptor as a proton sensor regulating inflammatory responses under pathophysiological conditions. However, published data do not support a proton-sensing function for the murine G2A receptor; therefore, the effects of G2A deficiency reported in this article are unlikely to be attributable to the loss of pHdependent responses.
The absence of a more robust effect of G2A deficiency in LDLR Ϫ/Ϫ mice not only supports the multifactorial nature of atherosclerosis but also reinforces the view that more penetrant effects of LPC are collectively mediated via G2A-independent as well as nonspecific mechanisms operating in multiple cell types during atherogenesis. For example, some effects of LPC may be the result of transient or lethal cell permeabilization (depending on the concentration of LPC) leading to cellular release of autocrine growth factors or apoptosis, respectively (45, 46) . Additionally, the amphipathic nature of LPC results in its rapid nonspecific internalization through plasma membranes (47, 48) , raising the possibility that some of its effects may be mediated intracellularly. For example, internalized LPC can induce macrophage apoptosis by inhibiting the ratelimiting enzyme of the de novo phosphatidylcholine biosynthetic pathway, CTP:phosphocholine cytidylyltransferase (47) , and its reacylation by cytosolic acyltransferases promotes monocyte inflammatory responses to lipopolysaccharide (49) (50) (51) . Our data nevertheless suggest that specific modulation of G2A activity in macrophages could provide a therapeutic approach to attenuate atherosclerotic lesion destabilization. However, this would require a complete understanding of the mechanism by which G2A
at PENN STATE UNIVERSITY, on February 23, 2013 www.jlr.org Downloaded from mediates LPC effects, a critical question that has recently reemerged after our failure to reproduce G2A/LPC binding originally reported in crude cell homogenates prepared from receptor-overexpressing cell lines (14, 15 ; our unpublished data). Therefore, LPC may activate G2A via a mechanism other than direct receptor binding at the cell surface, a scenario strongly supported by a recent study demonstrating that G2A-mediated responses to LPC, such as cell migration (7) and extracellular signal regulated kinase mitogen-activated protein kinase activation (14) , are elicited by LPC-dependent mobilization of intracellular receptor pools to the plasma membrane (11) . Importantly, as a proportion of ectopically expressed G2A is localized to the plasma membrane in the absence of exogenously added LPC, this study also provides a rational explanation for why certain G2A-dependent cell responses occur in an apparently "ligand-independent" manner in G2A-overexpressing cells (6, 12, 13) .
An important question is whether G2A recycling to the plasma membrane is mediated by the interaction of internalized LPC with G2A or perhaps with a receptor-associated factor responsible for its retention within endosomes. Indeed, using cell fractionation and TLC phospholipid separation and quantification, we have observed rapid (Ͻ10 min) internalization of exogenously added LPC in live cells, preceding the effects of LPC on G2A redistribution reported by Wang et al. (11) (B. W. Parks and J. H. S. Kabarowski, unpublished data). Answers to this question may suggest novel approaches to control G2A receptor signaling that could be exploited to counteract deleterious or augment beneficial effects of LPC in atherosclerosis and other inflammatory diseases. The mechanism by which G2A mediates macrophage apoptosis and its impact on atherosclerosis at vascular sites other than those of predilection, therefore, are important goals of future studies. The roles of other putative effectors of LPC action, including those yet to be identified, must similarly be examined in the correct cellular context and at endogenous levels of expression. With this goal in mind, the generation of gene-targeted mice will allow functional studies to be performed in the context of physiological levels and kinetics of LPC production rather than of acute stimulation with doses of LPC that may not be physiologically relevant. These experimental approaches will thus establish how, if at all, individual effectors of LPC regulate atherosclerosis and the extent of functional redundancy among them. By gaining important mechanistic insights into the role of LPC in atherosclerosis, these studies will also provide a rational framework for the development of future treatments targeting inflammatory events driving atherosclerotic lesion progression.
